Activation-induced cytidine deaminase (AID) is essential to class switch recombination (CSR) and somatic hypermutation (SHM). Uracil DNA glycosylase (UNG), a member of the base excision repair complex, is required for CSR. The role of UNG in CSR and SHM is extremely controversial. AID deficiency in mice abolishes both CSR and SHM, while UNG-deficient mice have drastically reduced CSR but augmented SHM raising a possibility of differential functions of UNG in CSR and SHM. Interestingly, UNG has been associated with a CSR-specific repair adapter protein Brd4, which interacts with acetyl histone 4, γH2AX and 53BP1 to promote non-homologous end joining during CSR. A non-canonical scaffold function of UNG, but not the catalytic activity, can be attributed to the recruitment of essential repair proteins associated with the error-free repair during SHM, and the end joining during CSR.
Introduction
Activation-induced cytidine deaminase (AID) is essential to somatic hypermutation (SHM) and class switch recombination (CSR), which are required for the generation of antibody diversity and antigen-specific memory in B cells. Although SHM and CSR are distinct genomic alterations of the IgH locus, both are initiated by AID-induced DNA damage, followed by error-prone repair for SHM and a recombination event for CSR. Analysis of AID mutants suggests that the DNA cleavage and the recombination functions of AID are dependent on the N-terminal and C-terminal regions of AID, respectively (1-4).
The molecular mechanism of AID-induced DNA cleavage is not well understood; rather, it is extremely controversial (5, 6). The popular hypothesis of DNA cleavage by AID proposes that uracil DNA glycosylase (UNG) is an essential enzyme required for this process (7-9). According to this model, the cytidine deaminase activity of AID converts dC bases to dUs in single-stranded DNA. Removal of the dUs by the UNG activity of the UNG creates abasic sites, which are processed by an apurinic/apyrimidinic endonuclease (APE1) to generate DNA strand breaks (7-9). However, the model suffers from several drawbacks; first, UNG is a component of the high fidelity base excision repair (BER) complex that very efficiently removes any faulty incorporation of dU/U in the DNA, thereby protecting the genome from uracil-generated mutagenic threat. On the basis of this premise, one would expect that AID-targeted regions to be repaired faithfully by UNG. Curiously, however, these regions are mutated at a high frequency. Second, there is a lack of convincing evidence of dC to dU conversion in vivo by AID. Maul et al. (10) claimed the detection of AID-induced dU by treating the genomic DNA with UNG and APE1, followed by target region-specific PCR and ligation-mediated polymerase chain reaction (LM-PCR). Interestingly, however, the method fails to show any difference in the dU frequency between UNG −/− and Msh2 −/− UNG −/− deficiencies, although the high incidence of G:C transitions in Msh2 −/− UNG −/− was explained by the excessive dU accumulation in the absence of the Msh2-mediated dU processing backup pathway (11). Third, UNG-deficient mice show a severe block of CSR but not SHM frequency (7, 12), which is difficult to explain by the DNA deamination model as DNA breaks of CSR and SHM are generated by a common mechanism. Inhibition of CSR but augmentation of SHM frequency in the absence of UNG rather suggests that the two AID-induced events are uniquely and differentially regulated by UNG (Fig. 1A) .
SHM-suppressive function of UNG
SHM has been considered to depend on two events: (i) single strand DNA break (SSB) generation and (ii) subsequent repair by error-prone DNA synthesis involving translesion DNA polymerases (TLPs) (13, 14) . Recent studies clearly demonstrated that Polη and Polζ (REV3) are the major TLPs that introduce mutations during AID-induced SHM (15, 16) . It has been recently shown that the expression of UNG in UNG −/− background cells or its over-expression in wild-type B cells reduced AID-induced SHM in the switch (S) region (17) .
The deficiency of UNG caused a striking recruitment defect of the UNG-associated BER proteins (Polβ, FEN1, XRCC1 and PARP1) at the S region (17) . As UNG recruitment at the S region is strictly AID dependent, the UNGassociated BER complex formation is tightly linked to the AID-induced DNA damage response (17) . In the absence of UNG, the same target loci showed an elevated association with REV1 that facilitates the recruitment of other errorprone TLPs such as Polζ (17) . Polζ efficiently bypasses the damaged base and promotes patch synthesis by TLP Polη (16) . Several studies in yeast and mammals also indicate that REV1 and REV3 can induce G:C biased mutations (18) (19) (20) . Therefore, it is likely that UNG suppresses SHM by competing with the TLPs for binding to the damaged sites and recruiting BER enzymes, thereby faithful and errorprone repairs are balanced ( Fig. 2A) .
CSR-promoting function of UNG
CSR requires at least three biochemical steps after an AIDinduced SSB: (i) conversion of an SSB to a double-strand DNA break (DSB) by end processing, (ii) synapse formation between the two DSBs, which brings the donor and the acceptor S regions into close proximity and (iii) repair and ligation of the cleaved DNA ends. Strong blockade of CSR can manifest as a defect in any of the above steps. Chromosome conformation capture (3C) analysis that enables detection of the long-range locus-specific interaction showed that S-S synapse formation is significantly defective in the absence of UNG, which is attributed to the recruitment failure of 53BP1 and DNA-PKcs to the S regions (17) . The deficiency of UNG caused 2-to 7-fold reduction of interaction involving Eμ-Sγ1, Eμ-3′Eα and Sμ-Sγ1 pairs. Furthermore, accumulation of DNA end processing/protecting factors such as Ku80, NBS1 and XRCC4 was elevated at the S region in UNG deficiency. Increased association of Ku80 and XRCC4 at the DSB ends possibly favored the classical non-homologous end joining (C-NHEJ) over the alternative endjoining (A-EJ) pathway in UNG deficiency. Moreover, the diminished occupancy of PARP1 in the S regions in the absence of UNG is in good agreement with the fact that Ku80 and PARP1 are known to compete for binding (21) and play critical roles in A-EJ and C-NHEJ, respectively. An inverse correlation was also observed between UNG and MSH2, a phenomenon that may also contribute to the choice of DSB end-joining pathways.
UNG was also shown to be associated with Brd4, an acetylated histone-4 reader (H4Ac) protein, which is involved in NHEJ during CSR (22) . AID-induced or I-SecI-induced break sites accumulate Brd4 that forms a chromatin complex with H4Ac and γH2AX. Depletion of Brd4 by small interfering RNA (siRNA) reduced the recruitment of both UNG and 53BP1 at the break sites. Brd4 appears to serve as a repair platform on chromatin for the recruitment of critical repair factors like UNG and 53BP1 to promote efficient end joining and recombination during CSR (Fig. 2B) .
Catalytic activity of UNG is dispensable for SHM and CSR
Analysis of various UNG mutants revealed that CSR function did not correlate with the presence or absence of the catalytic activity of UNG (17, 23) . Interestingly, two loss-of-catalysis (H268L and D145N) UNG mutants are CSR proficient, but dissociated in SHM activity (Fig. 1C) . The H268L mutant but not D145N suppressed SHM efficiently, suggesting that DI45N mutant has a SHM-specific defect, which is independent of its catalytic function. Strikingly, wild-type UNG but not the D145N could interact with the DNA end-processing enzyme FEN1, whose loss of function is known to elevate the mutation burden and aberrant genomic re-arrangements (24, 25) . The expression of the D145N mutant in place of wild-type UNG also enhanced the recruitment of REV1, REV3 (and possibly other TLP polymerases) at the DNA cleaved sites and increased the SHM frequency. Furthermore, a WxxF motif mutant W231A, whose CSR activity required the N-terminal domain but not the catalytic activity of UNG, suppressed SHM independently of the presence of the N-terminus. These observations emphasize the fact that the SHM-suppressing function of UNG is distinct from its CSR-promoting activity, and the two phenomena do not correlate at all with the catalytic activity of UNG (Fig. 1B) .
Consistently, neither of the two CSR-defective mutants (Δ90D145N and Δ90W231A) with vastly different catalytic activities (0.04 and 20% of the wild type, respectively) could rescue the defect of synapse and repair factor recruitment (53BP1, DNA-PKcs and Ku80) as observed in UNG deficiency (17) . In contrast, all of the Δ90, H268L, D145N and W231A mutants with varieties of catalytic activities could rescue the defect of synapse/repair protein recruitment, which is consistent with their intact CSR activity (17, 23) . Although the CSR complementation activity of D145N, H268L and W231A mutants is clearly catalytic activity independent, their CSR function relies on the presence of an N-terminal non-catalytic domain. The N-terminal region of UNG may serve as an accessory domain, by providing a structural support to the core domain, especially when the catalytic or WxxF site mutations are introduced.
Scaffold function of UNG
It is thus clear that a non-canonical mode of action of UNG, rather than its canonical catalytic activity, is crucial for the differential regulation of SHM and CSR. The recruitment of critical DNA repair factors for SHM and CSR are orchestrated by UNG (Fig. 2) . Intriguingly, neither the N-terminus of UNG, the active site, nor the WxxF site in the core domain of UNG are involved in its association with multiple DNA repair proteins, although the molecular basis of such a large complex formation still remains to be fully understood.
Several reports suggest that the UNG protein, but not the catalytic activity, is essential for the replication of Vaccinia Non-canonical roles of uracil DNA glycosylase 577 virus by the formation of a supramolecular complex that supports processive DNA synthesis (26, 27) . In the case of HIV-1 replication, the function of UNG is also independent of its catalytic activity; UNG is recruited to the integrase recombination complex by the HIV accessory protein Vpr. UNG has also been detected in the damaged DNA foci in association with γH2AX (28); the recruitment of UNG again is independent of the catalytic activity but requires the WxxF motif. This motif is not only critical for Vpr-UNG interaction, but also for the CSR function of UNG (29) . Nuclear UNG appears to form a dimeric structure as in the case of Vaccinia virus (17, 33) , which may provide an additional protein-protein interacting surface. Moreover, UNG can be co-immunoprecipitated with Brd4 that acts as an adapter between chromatin, enriched in H4-acetylation and γH2AX, and the key repair proteins of CSR (22) . Taken together, current findings are in support of a novel mode of UNG's action, namely to act as a repair scaffold in conjunction with Brd4, which promotes DNA end-joining repair processes involved in various genomic recombinations. 
